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[1] In tenuous space plasmas, photoelectron flows produce complex current paths among
multiple conducting elements of spacecraft, which may influence the current–voltage
characteristics of double-probe electric field sensors. We performed full-particle
simulations on this effect by assuming a sensor configuration that is typical of recent
designs like those on Cluster, THEMIS, and BepiColombo/MMO; the spherical probe is
separated from a conducting boom by biased electrodes known as the ‘stub’ and the
‘guard’. The assumed bias potential scheme corresponds to that planned for
BepiColombo/MMO and is different from those used in the other satellites. The analysis
focuses on stray photoelectron currents flowing from these electrodes and a spacecraft
body. Photoelectrons approaching the probe are commonly repelled by the guard, the
potential of which is strongly biased negatively, and are subsequently affected by the probe
potential. Consequently, the photoelectron current magnitude increases with increasing
probe potential regardless of their origins, when the probe operates between the plasma
and floating spacecraft potentials. The result indicates that both photoelectron currents
from the spacecraft body and biased electrodes can be minimized by selecting the probe
working potential as close as possible to the plasma potential. We also examine the
photoelectron current dependence on the presence or absence of the guard electrode
operation and confirm a positive effect of reducing the photoelectron current from the
spacecraft. However, negative side effects of the guard operation enhance the
photoelectron currents from the stub and guard, when the probe operates nearly at the
plasma potential.
Citation: Miyake, Y., H. Usui, H. Kojima, and H. Nakashima (2012), Plasma particle simulations on stray photoelectron current
flows around a spacecraft, J. Geophys. Res., 117, A09210, doi:10.1029/2012JA017673.
1. Introduction
[2] The double-probe technique is commonly used for
electric field measurements in scientific space missions.
Since the technique was put to practical use in early days of
space exploration [Mozer and Bruston, 1967; Mozer et al.,
1976], its fundamental principles have been discussed
exhaustively [Fahleson, 1967; Pedersen et al., 1984;
Tsuruda et al., 1994; Pedersen et al., 1998; Gurnett, 1998].
In these studies, it has been pointed out that the accuracy of
this measurement technique is readily affected by pertur-
bations due to surrounding plasmas. In tenuous plasma
environments, such perturbations are mainly caused by
photoelectron emission from sunlit surfaces of the space-
craft and sensor bodies.
[3] In the past few decades, much effort has been made to
improve the double-probe technique to enhance the reli-
ability of electric field measurements in environments with
photoelectrons. One improvement that has been made is the
installation of a photoelectron guard electrode. The main
purpose of this electrode is to minimize undesirable influ-
ences caused by photoelectrons from the spacecraft body.
[4] A photoelectron guard electrode is used practically in
the Cluster Electric Fields and Waves (EFW) instrument
[Gustafsson et al., 1997, 2001]. Continuous improvements
were subsequently made for its use on the THEMIS Electric
Field Instrument (EFI) [Bonnell et al., 2008]. There are
currently plans to apply the technique to the Mercury Elec-
tric Field In-Situ TOol (MEFISTO) for the BepiColombo/
MMO spacecraft to Mercury [Blomberg et al., 2006].
[5] The present paper investigates the current–voltage
characteristics of a double-probe sensor in an environment
with a high density of photoelectrons. An accurate
knowledge of the current–voltage characteristics is gener-
ally necessary to determine the optimum working point of
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the probe. In addition, the gradient of the current–voltage
characteristic curve gives the sheath conductance. The
sheath conductance is a key parameter for realizing opti-
mal sensor operations as a simple voltmeter for static
fields [Pedersen et al., 1998] and also for calibrating
plasma wave data obtained in a very low frequency range
[Gurnett, 1998].
[6] The current–voltage characteristics are often overly
simplified by considering only photoelectron emission and
plasma collection by the probe. In reality, stray photoelec-
tron currents flowing between the probe and other conduct-
ing elements can influence the characteristics [e.g., Pedersen
et al., 2008]. These stray photocurrents make it difficult to
estimate the current–voltage characteristics analytically;
thus, some sort of numerical approaches must be used,
including self-consistent modeling of the photoelectron
kinetics.
[7] Consequently, we use particle-in-cell (PIC) simula-
tions to investigate the problem. The Electro-Magnetic
Spacecraft Environment Simulator (EMSES) proposed in a
previous paper is based on the electromagnetic PIC algo-
rithm combined with internal boundaries that describe the
conducting spacecraft and sensor surfaces [Miyake and Usui,
2009]. Conceptually, EMSES provides self-consistent solu-
tions for the plasma and photoelectron behaviors as well as
the transient variation of spacecraft and sensor potentials.
We mainly adopt this self-consistent approach in the present
study. However, by the approach, it is impractical to treat
realistic sensor dimensions within currently available com-
putational resources. This impracticality is due to the
extremely broad range of spatial scales associated with the
problem. The aspect should be treated separately by making
some a priori assumptions rather than by employing a self-
consistent treatment. Such an approach is discussed in
section 4.1.
[8] Some previous studies have investigated the sensor
characteristics in photoelectron environments including the
stray photoelectron effects. Cully et al. [2007] reported
overall structures for the electric potential and the photo-
electron distributions around the Cluster satellite and
addressed some related field measurement problems. For
Cluster, Pedersen et al. [2008] also studied the photoelec-
tron current characteristics in order to use the probes as a
potential reference in their spacecraft potential measure-
ments. Miyake et al. [2011] examined how a guard electrode
installed in some recent double-probe sensors affects the
photoelectron distribution. Following on from our previ-
ous paper, we investigate stray photoelectron currents in
detail by subdividing current components based on their
origins. Since this is the first time that such a detailed
approach has been adopted, we expect to obtain new
insights that will help improve the design and use of the
double-probe technique.
[9] In section 2, we describe a numerical model of the
sensor and the simulation setup. Section 3 presents the
simulation results for the current–voltage characteristics of
an electric field sensor, focusing the effects of stray photo-
electron currents. We perform photoelectron orbital analysis
to clarify the behavior of photoelectrons emitted from the
sensor and spacecraft elements. We also discuss the effects
of a photoelectron guard electrode in this section. Section 4




[10] We use the three-dimensional plasma particle simu-
lation tool EMSES [Miyake and Usui, 2009] for the self-
consistent analysis of spacecraft-plasma interactions. The
analysis requires appropriate inclusion of solid conducting
bodies as internal boundaries and the effect of the plasma
impingement and the photoelectron emission on the electric
potentials of the bodies. EMSES is based on the PIC method
[Birdsall and Langdon, 1985] and employs boundary treat-
ments for both longitudinal and transverse electric field
components at the interface between a plasma and a con-
ducting body. All field components in EMSES are defined
on a uniform Cartesian grid.
[11] Normally, the entire spacecraft system including the
sensor is floating in terms of electric potential. Then, either
bias voltage or current is imposed on arbitrary pairs of the
spacecraft and sensor components. We simulate this poten-
tial treatment in the investigations except in section 4.1. The
analysis performed in section 4.1 employs the prescribed
potentials for spacecraft and sensor instead of the floating
potential condition. Photoelectron emission from the surface
is simulated by using a conventional particle-loading scheme
[Cartwright et al., 2000]. The number of emitted photo-
electrons per one time step and their energies assuming a
single Maxwellian are given as input parameters. More
detailed descriptions about the above techniques are avail-
able in a previous paper [Miyake et al., 2011].
[12] Because we solve 3  108 macro-particles and 1283
grid points every time step for the present investigations, it is
necessary to use a supercomputer. Hence the adaptation of
EMSES to modern distributed-memory parallel computers is
an important issue. We parallelized EMSES based on the
domain decomposition method and implemented our original
dynamic load-balancing algorithm OhHelp [Nakashima et al.,
2009]. Although we here avoid a lengthy explanation about
the algorithm, OhHelp realizes efficient computations that are
scalable in terms of both number of macro-particles and
domain size. The present computations are performed using
four nodes of Fujitsu’s HX600 cluster each with four quad-
core Opteron processors and 32GB sharedmemory, which are
compliant with the T2K Open Supercomputer specifications
[Nakashima, 2008].
2.2. Electric Field Sensor Model
[13] Figure 1a illustrates the sensor model used in the
present simulation. The model is relevant to the latest design
of the electric field sensor for BepiColombo/MMO, and is
essentially the same as that described in our preceding study
[Miyake et al., 2011]. Because the validity and limitations of
the model are presented in the previous paper in detail, we
here review the specifications of the sensor model briefly.
The sensor consists of a probe, a sensor wire, a boom wire,
and a preamplifier housing (referred to as a puck). One
sensing element consists of a probe and a wire, the surfaces
of which have the same electric potential. The boom surface
is made of a conducting material and is electrically
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connected to the spacecraft ground. The puck is installed
between the sensing element and the boom.
[14] By applying certain voltages to the puck surface, the
puck can also function as a photoelectron guard electrode.
The puck surface consists of two parts that are electrically
insulated from each other. The inner (boom-side) and outer
(probe-side) surfaces of the puck are respectively referred to
as the guard and the stub. We independently apply voltages
to the guard and the stub such that the guard has a potential
of8fph relative to that of the spacecraft, while the potential
of the stub is +2fph relative to the probe potential. Here, the
product of fph and the unit charge e corresponds to the most
probable photoelectron energy. The guard electrode repels
photoelectrons emitted from the spacecraft body to prevent
them from approaching the probe, while the stub electrode
attracts photoelectrons emitted from the probe.
[15] The bias potential scheme introduced above is rele-
vant to that planned for the BepiColombo/MMO mission
[Blomberg et al., 2006]. Note that the Cluster, THEMIS, and
some other spacecraft adopt a different scheme; i.e., the
guard is biased relative not to the spacecraft potential but to
the probe potential [Gustafsson et al., 1997; Bonnell et al.,
2008].
[16] In addition to the voltage biasing, a current with a
constant magnitude is provided as a bias current from the
spacecraft body to the probe. The magnitude of this current
is treated as an input parameter Ibias in this study. We are
particularly interested in the dependence of the sensor
properties on Ibias. The probe potential is actively controlled
by Ibias, which determines the sensor working point on the
current–voltage characteristic curve of the probe. To exam-
ine the effects of the photoelectron current at various work-
ing points, we performed multiple simulations for various
input values of Ibias.
[17] As a result of the voltage and current biasing, we
assume electric potential relations as shown in Figure 1b
among spacecraft and sensor elements. This paper does not
give a lengthy description of the numerical formulation for
the voltage and current biasing; section 2.3 of Miyake et al.
[2011] provides a complete description. What we should
address here is that the above treatments ensure that the total
charge is rigorously conserved for the entire spacecraft.
Specifically, the voltage and current biasing never alters the
total spacecraft charge, and only currents generated by the
impingement and emission of plasma particles can alter the
total charge.
[18] As discussed in a previous paper by us [Miyake et al.,
2011], since we represent the geometry using a limited
number of rectangular grid elements, certain components
will be considerably deformed from typical designs for
instruments. The sensor dimensions need to be considerably
larger than those of practical instruments. This deformation
is most pronounced for the radii of the sensor and boom
wires. Also, the deformation of the probe and puck is not
negligible. Furthermore, the shapes of some sensor elements
differ from those of practical elements (e.g., the probe is
spherical and the boom is cylindrical typically). Considering
these limitations, the simulation outputs need to be treated
with great caution; this problem is discussed in section 4.1.
Some previous studies have effectively addressed this
problem by limiting their applicability to very tenuous
plasma environments [e.g., Cully et al., 2007]. However, the
present study does not consider combining their techniques
with the present approach due to the technical difficulties in
doing this.
2.3. Simulation Setup
[19] Figure 2 shows the three-dimensional simulation
setup. We place the spacecraft body with a pair of electric
field sensors aligned with the z-axis in the three-dimensional
simulation box. The box is filled with background plasma
composed of electrons and protons with finite thermal
velocities, the Debye length lD of which is set to 1/10
times the box size on each side. We assume that the sun
illuminates the spacecraft body and the sensors from the +x
Figure 2. Three-dimensional simulation setup used in the
present analysis.
Figure 1. Numerical model of electric field sensor used in
the present study. (a) Configuration and dimensions of the
sensor model. The boom and the sensor wire have the shape
of rectangular bars, the cross-section of which is a square,
6.3 cm on a side. (b) Typical relations among spacecraft
and sensor body potentials. The guard and stub potentials
are always in conjunction with those of spacecraft and
probe, respectively. The floating potential of the probe is
controlled actively by changing the magnitude of a bias cur-
rent from the spacecraft.
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direction. The boundary conditions for the outer edges of the
simulation box are selected to give an isolated system
[Miyake et al., 2008]. We employ the Dirichlet condition for
the outer boundary values of the electrostatic potential. We
also inject particles with the same properties as the back-
ground plasma from the boundaries to supplement particles
escaping from the simulation box.
[20] Table 1 lists the principal plasma parameters used
in the present simulations. In this study, we seek to
simulate a ubiquitous tenuous plasma environment to
clarify the general aspects of photoelectron effects. As
will be seen from the simulation results, the parameter set
produces a photoelectron population that is denser and
colder than the background plasma. The resulting photo-
electron shielding length is much shorter than both the
sensor tip-to-tip length and the Debye length lD of the
background plasma.
[21] We exclude any effects of the secondary electron
emission from the simulation model. The secondary
emission is generally important when a primary electron
energy ranges from several tens of eV to a few keV
depending on the surface material [Lai, 2011]. In the
present situation, both photo- and background electron
energies are sufficiently low compared to this energy
range, and thus the secondary electron yield would not be
appreciable. Further, even if a small amount of secondary
electrons is emitted, the secondary electrons usually have
only a few eV in energy. This implies that the emitted
secondary electrons should be mostly attracted back due to
the positive spacecraft potential and will not contribute
substantially to the net current. Thus we choose to exclude
the effect here.
[22] The other conditions are determined as follows. The
mass ratio of an electron–proton background plasma is taken
to be its actual value, namely mi/me = 1836, where me and mi
represent the electron and proton masses, respectively. The
background electron and ion temperatures, Te and Ti,
respectively, satisfy an isothermal condition (i.e., Te = Ti). In
the present study, there is no static magnetic field in the
simulation box. In the outer magnetospheric plasma, the
electron gyroradius is generally longer than the sensor tip-to-
tip length even for photoelectrons, and practical influence of
the static magnetic field on the photoelectron behavior is
assumed to be presumably small. We will revisit the issue in
section 4.2 to verify this assumption.
3. Simulation Results
3.1. Current–Voltage Characteristics
[23] This paper investigates the current–voltage char-
acteristics of the sensor, which reflect the nature of plasma
and photoelectron currents around the probes. For this, we
perform a series of simulations for several values of Ibias and
measure the equilibrium probe potential fpr in a floating
condition. The floating probe potential is determined such
that the following current balance condition is satisfied:
Iph fpr
 þ Ise fpr
 þ Ie fpr
 þ Ii fpr
 þ Istray fpr
 þ Ibias ¼ 0;
ð1Þ
where Iph, Ise, Ie, and Ii are functions of fpr and correspond to
the photoelectron and secondary electron currents emitted by
the probe, and the background electron and ion currents,
respectively. The term Istray indicates the stray current due to
photoelectron flow between the probe and other conducting
elements. Note that Iph is defined here as a current delivered
by photoelectrons that are not trapped by any conducting
elements (including the probe itself and other elements) and
escape into the background space eventually. All the cur-
rents in equation (1) are defined such that they are positive
when positive charge is accumulated at the probe. Recalling
that we assume Ise = 0 as described in section 2.3, equation
(1) can be rewritten as Ibias = (Iph(fpr) + Ie(fpr) + Ii(fpr) +
Istray(fpr)), which indicates that the magnitude of Ibias is
identical to that of the total current Ip delivered by charged
particles flowing into and out of the probe. Consequently, we
can obtain a current–voltage characteristic curve by plotting
Ibias against fpr.
[24] Figure 3 displays the characteristic curve for Ip
(i.e., Ibias) plotted against fpr. The obtained curve exhibits
different behaviors in the two potential ranges of fpr < 0
Table 1. System, Background Plasma, and Photoelectron Para-
meters Considered in the Present Analysis
Parameter Value
System
Grid spacing 6.3  101 m
Time step width 2.4  101 ms
System length 80 m
Background plasma
Number density 8.5 cc1
Electron and ion temperatures 105 K
Debye length 7.5 m
Electron differential current density 6.7  107 Am2
Photoelectron
Current density 1.7  105 Am2
Energy 2.2 eV
Figure 3. Current–voltage curve for a sensing element con-
sisting of a probe and a wire. The background plasma poten-
tial is set to the reference (zero) potential. The vertical axis is
normalized by Iph0, which is the photoemission current in
absence of recollection by any conducting elements.
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and fpr ≥ 0. For fpr < 0, the curve shows a relatively
moderate change and asymptotically approaches 1 with
increasing |fpr|. This indicates that Ip → Iph0 for fpr ≪ 0
because Ii is negligibly small in the potential range con-
sidered. Here, Iph0 represents the photoemission current in
absence of recollection by any conducting elements. On
the other hand, Ip increases drastically with increasing
fpr in a positive potential range, while the growth rate
becomes moderate as fpr increases. The behavior of the
curve in this potential range reflects the dependence of
Iph, Ie, and Istray on fpr, which is studied in more detail
later.
[25] One advantage of the particle simulation approach is
that conceptually all the trajectories of macro-particles inside
the simulation region can be traced. We can thus obtain
complete information about the composition of Ip. Figure 4
shows plots of Iph, Ie, and Istray against fpr. Ii is not
shown in this figure because it is found to be negligibly
small in this situation. In Figure 4b, the stray current is fur-
ther split as Istray = (Io→pr + Ipr→o). Here, Io→pr and Ipr→o
are defined as the current formed by photoelectrons emitted
by other conducting elements besides the probe and
impinging onto the probe, and that emitted by the probe and
impinging on other conducting elements, respectively.
[26] Figure 4 clearly shows that Iph dominates over the
other current components for fpr ≤ 0. For fpr > 0, the con-
tribution of Iph decays with increasing fpr while the con-
tributions of Ie and Istray become prominent. The Istray
curve exhibits peculiar behavior for fpr > 0 due to compe-
tition between Io→pr and Ipr→o contributions. More in-depth
analysis is done in the subsequent section to better under-
stand the behaviors of Io→pr and Ipr→o.
[27] Of Iph, Ie, and Istray, the behaviors of Iph and Ie can be
expressed by an analytical formula by applying a conven-
tional theory [e.g., Mott-Smith and Langmuir, 1926].
Although our major interest is on the Istray behavior, it is also
helpful to evaluate how consistent the simulation results on
Iph and Ie are with the theoretical evaluation. In Figure 4a,
we superimpose analytical current–voltage curves for Iph and
Ie. These curves are calculated by considering an analogy to
an emissive (electron-emitting) probe [Hershkowitz, 1989].
[28] The overall trends of both Iph and Ie obtained in the
present simulation are consistent with the simple theory,
except that there is 10% difference in Iph nearly at the zero
probe potential. This difference is understood by reminding
the rigid definition of Iph described earlier. By the definition,
Iph is delivered by photoelectrons that are not trapped by any
conducting elements (including the probe itself and other
elements) and escape into the background space eventually.
Hence, the 10% shortage of Iph observed in the simulation
indicates that some portion of the emitted photoelectrons is
trapped by some conducting elements even at the zero
potential. In this particular case, the stub electrode is rea-
sonably identified as such a photoelectron-collecting con-
ductor, because the stub potential is +2fph relative to the
probe. This interpretation is also consistent with the Ipr→o
curve shown in Figure 4b, which clearly indicates the pres-
ence of a photoelectron current from the probe to other
conducting elements (including the stub) at the zero probe
potential.
3.2. Stray Photoelectron Currents
[29] When the sensor consists of multiple conductor
elements, the conductor elements are electrically coupled
to each other via a stray current Istray. We confirmed the
presence of a strong coupling for fpr ≥ 0, as shown in
Figure 4b. In contrast, this electric coupling is negligibly
weak for fpr < 0.
[30] The magnitude of Ipr→o increases rapidly as the
potential increases to fpr/fph  5, while it decreases gradu-
ally above this potential. Io→pr increases consistently with
increasing potential for fpr/fph ≥ 0. Consequently, the curve
for Istray, which is the sum of Ipr→o and Io→pr, exhibits
peculiar behavior; specifically, the sign of Istray is reversed at
fpr/fph  17.
Figure 4. Current–voltage curves plotted separately for current components. (a) Characteristics of the
photoemission current Iph and the background electron current Ie plotted with red and blue circles,
respectively. The dashed lines represent the characteristic curves evaluated using an analytical approach.
(b) Characteristic curves for the stray photoelectron current between the probe and other conducting ele-
ments. The red and blue lines represent Io→pr and Ipr→o respectively indicating the stray current flow-
ing into the probe from other conducting elements besides the probe and that flowing in the opposite
direction. The black line is the total stray current Istray = Ipr→o  Io→pr.
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[31] We are particularly interested in the nature of Io→pr
because the magnitude of Io→pr should be sensitive to small
variations in the attitude of the spacecraft in the sunlight
direction, the operational settings of the guard and stub
potentials, and the geometric design of the instrument. To
clarify the composition of Io→pr, we plot stray photoelectron
currents originating from the stub, guard, and spacecraft
body (including the boom) separately in Figure 5.
[32] Figure 5 clearly shows that all the stray current com-
ponents increase with increasing probe potential. The stray
current from the stub increases rapidly in 0 ≤ fpr/fph < 5. In
fpr/fph ≥ 5, the current from the stub is nearly saturated. The
currents from the guard and the spacecraft body show rela-
tively moderate increases at low probe potentials. However,
these currents increase consistently without saturating.
[33] To better understand the characteristic signatures of
the current–voltage curves, we study the detailed behavior
of photoelectrons for each of their origins, i.e., the stub,
guard, and spacecraft body. In the analysis, we compare
the simulation results for fpr/fph = 1.1 and 11, which
correspond to probe working points of Ibias = 0.9Ibias0 and
Ibias = 0, respectively. Here, Ibias0 is the bias current that
produces fpr = 0.
3.2.1. Photoelectron Current From Stub
[34] Figure 6 shows plots of the density, flow vector, and
potential near the puck and the probe. In the density and
flow vector plots, only the contribution of photoelectrons
from the stub is plotted. The density plots in Figures 6a and
Figure 5. Stray photoelectron currents from the stub (red
line), guard (blue line), and the spacecraft body (including
the boom) (black line) as a function of fpr.
Figure 6. Plots of the (a and b) density and (c and d) flow vectors of photoelectrons from the stub.
Figures 6a and 6c correspond to the probe operation point fpr/fph = 1.1, while Figures 6b and 6d to
fpr/fph = 11. Photoelectron flow vectors are superimposed onto the background color maps showing
the electric potential distributions.
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6b show that the photoelectrons are confined near the stub
and the probe for both probe working points. In comparison
of the results for the two probe working points, the photo-
electron confinement is insufficient for fpr/fph = 1.1,
whereas photoelectrons are strongly confined in a very small
region for fpr/fph = 11. This latter confinement obviously
promotes photoelectron absorption by the probe, which
generates a large stray current between the stub and the
probe. Actually, the photoelectron densities at the probe
position are 2.3 times higher for fpr/fph = 11 than for
fpr/fph = 1.1 under the present parameter settings.
[35] The photoelectron dynamics associated with the
confinement are depicted by photoelectron flow vectors
plotted with background contour maps for the electric
potential in Figures 6c and 6d. Escaping photoelectrons from
the stub are strongly repelled by the potential barrier created
by the guard that has a large negative potential. The flow of
the deflected photoelectrons is directed toward the probe and
a large proportion of the photoelectrons approach the probe.
The figures also show that the stub and probe with positive
potentials with respect to the background plasma form a
potential well for the photoelectrons. This potential well
prevents the photoelectrons from escaping from the vicinity
of the stub and probe, particularly when fpr/fph = 11.
[36] The shape of the stray current curve shown in
Figure 5 can be explained in terms of the above results. The
efficiency of the photoelectron confinement is a function of
the probe-to-plasma potential and increases with increasing
probe potential in the range 0 ≤ fpr/fph < 5, leading to a
steep increase in the stray current magnitude. Once effective
confinement has been achieved, almost all emitted photo-
electrons should be collected by either the probe (with the
thin sensor wire) or the stub. In the present simulations, the
total photoelectron current emitted from the stub is 3Iph0.
This indicates that 0.2/37% of the total current is collected
by the probe, and the remaining is recollected by the stub
itself. A primary factor that can influence this rate 7% is the
potential difference between the stub and the probe. How-
ever, in the current biasing scheme, the stub potential is
strictly fixed to +2fph relative to the probe potential
regardless of the probe working point. Consequently, the
rate of photoelectrons collected by the probe and the
resulting current magnitude become almost constant above
fpr/fph = 5.
3.2.2. Photoelectron Current From Guard
[37] Figure 7 depicts the distribution and dynamics of
photoelectrons from the guard; it uses the same format as
Figure 6. Figures 7c and 7d show that photoelectrons
Figure 7. Plots of the (a and b) density and (c and d) flow vectors of photoelectrons from the guard.
Figures 7a and 7c correspond to the probe operation point fpr/fph = 1.1, while Figures 7b and 7d to
fpr/fph = 11. Photoelectron flow vectors are superimposed onto the background color maps showing
the electric potential distributions.
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emitted from the guard surface expand radially from the
guard position. Since the negatively charged guard forms a
potential hump for electrons, emitted photoelectrons are
immediately accelerated away from the guard. Although
some of these photoelectrons are trapped by the potential
well produced by the probe and the stub, many of them
eventually escape from the influence sphere of the probe and
stub potentials. The escape rate of such photoelectrons is
greater for fpr/fph = 1.1 than for fpr/fph = 11.
[38] The photoelectron dynamics described above are
clearly reflected in the photoelectron distributions shown
in Figures 7a and 7b. The photoelectron cloud next to the
guard surface extends toward the probe. However,
because of insufficient deflection of the photoelectron
orbits, the core of the photoelectron distribution does not
include the probe location for fpr/fph = 1.1. In contrast,
probe is totally enclosed by the extended photoelectron
cloud for fpr/fph = 11. As a result, the photoelectron
densities at the probe position are found to be 7.9 times
higher for fpr/fph = 11 than for fpr/fph = 1.1, and this
difference is stronger than that observed for the photo-
electrons from the stub.
[39] In Figure 5, the stray current from the guard increases
gradually without saturating, even at high potentials. This
behavior is in stark contrast to that of the current from the
stub. In comparison with the photoelectrons from the stub,
only a small portion of the photoelectrons from the guard
can be captured by the potential well around the probe as can
be seen in Figures 7c and 7d. Although the proportion of
captured photoelectrons should increase with increasing fpr,
a complete trapping by the potential well cannot be achieved
for the photoelectrons from the guard in the potential range
in consideration, whereas almost all photoelectrons from the
stub are trapped by the potential well sufficiently within
the potential range. This behavioral difference is reflected
in the shapes of the characteristic curves for the stray
currents from the stub and guard.
3.2.3. Photoelectron Current From Spacecraft Body
[40] Finally, we consider photoelectrons emitted by the
spacecraft body and the boom. As for the other two photo-
electron components, we plot the photoelectron density
distributions for fpr/fph = 1.1 and 11 in Figures 8a and 8b,
respectively. The difference between the two cases is mainly
observed in the region beyond the guard position. For
fpr/fph = 1.1, the photoelectron cloud is effectively
blocked at the guard. This results in a relatively low
photoelectron density 0.07 cc1 at the probe, which is
just 0.2% of the averaged photoelectron density on the
boom surface. In contrast, such a guard effect is less sig-
nificant for fpr/fph = 11, so that the photoelectron cloud
extends beyond the guard position, giving density at the
probe of 6% of the averaged photoelectron density on the
boom surface.
[41] Because a stray current between the spacecraft and
the probe consists of only a small fraction of a total photo-
electron flux from the spacecraft body, it is not helpful to
plot photoelectron flow maps such as those in Figures 6 and
7. Instead, Figures 8c and 8d show representative examples
of trajectories of photoelectrons that contribute to the stray
current. To obtain these plots, we initialized 104 test pho-
toelectrons with various velocities, ejection angles, and
starting positions on the spacecraft and boom surfaces in
addition to macro-particles used for the PIC simulations. We
then examined the trajectories of the test electrons in the x-z
plane. The initial kinetic energies of the test electrons range
from 0 to 10fph. The plots show only photoelectrons
absorbed by the probe. In the plots, the colors of the trajec-
tories indicate the initial photoelectron kinetic energy (see
the rightmost color bar).
[42] For fpr/fph = 1.1, most of trapped photoelectrons
originate from the spacecraft body, whereas photoelectrons
emitted from both the spacecraft body and the boom are
trapped for fpr/fph = 11. Some of the photoelectrons are
deflected by the guard, but they are subsequently attracted
by the potential well created by the probe charged positively.
In Figure 8d, the initial positions of the trapped photoelec-
trons are distributed on the boom surface in the ranges of z-
coordinate from z = 2.5 m to 4 m and from z = 5.5 m to 9 m.
The lower-energy portion of trapped photoelectrons mainly
originates from boom surface segments relatively close to
the guard. However, photoelectrons emitted from segments
much closer to the guard are completely repelled by the
guard potential and do not approach the probe position.
[43] The energy range of photoelectrons trapped by the
probe decreases with increasing fpr, as the comparison for fpr/
fph = 1.1 and 11 shows. Specifically, trapped photoelectrons
have energies in the range 9.2efph to 10efph for fpr/fph =
1.1 and in the range 3.5efph to 7efph for fpr/fph = 11.
[44] The absolute number of lower-energy photoelectrons
is generally much greater than that of high-energy photo-
electrons. Hence, the probe can trap more photoelectrons
when the energy range that can be trapped is lower. In light
of this, the result described in the previous paragraph well
explains the gradual increase in the stray current with
increasing fpr shown in Figure 5.
3.2.4. Practical Implications of the Results
[45] In the preceding subsections, we studied the photo-
electron distribution and dynamics focusing two probe
working points fpr/fph = 1.1 and 11. Among them, the
working point fpr/fph = 1.1 corresponds to a more practical
situation in actual use of electric field sensors simulated
here. Generally, electric field sensors should be operated
near the background plasma potential with a small offset
potential, which prevents the probes from falling into an
unstable negative potential regime [e.g., Blomberg et al.,
2006]. Because the offset potential is normally less than or
comparable to fph, the working point fpr/fph = 1.1 is con-
sidered to be an appropriate selection.
[46] The merit of the working point choice near the plasma
potential is generally explained in terms of a better stability
of the probe potential against fluctuations of incoming
plasma and photoelectron currents (i.e., a lower probe-to-
plasma impedance [e.g., Gustafsson et al., 1997]). In addi-
tion to this merit, such a working point is found to be useful
also for minimizing the stray current magnitude originating
from the other conducting elements. That is a quite natural
result for photoelectrons coming from the spacecraft body,
because the spacecraft potential is always higher than the
background potential in tenuous plasma environments. More
importantly, we learn from the present simulations that such
a working point can also reduce the photoelectron currents
coming from the stub and guard electrodes.
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3.3. Effect of Guard Electrode
[47] Miyake et al. [2011] studied in detail the benefit of
using the guard electrode against photoelectrons coming
from the spacecraft, and the analysis was done for a single
probe working point. Here, we extend the analysis to con-
sider the effect of the guard on the current–voltage char-
acteristics of the probe. We also consider effects of the guard
on the photoelectrons from the stub and guard. To determine
the effect of the guard, we have changed the guard-to-
spacecraft and stub-to-probe potentials to zero and redone a
series of the simulations. These new simulations can repro-
duce a situation without any guard electrode operation.
Figure 9 compares current–voltage curves obtained with and
without the guard electrode operation.
[48] Figure 9a shows the curve for the net current Ip. The
effect of the guard is observed in the probe potential range
fpr ≥ 0. For 0 ≤ fpr/fph < 5, the current increases more
gradually when the guard is off compared to when it is on,
although the difference between the two cases is relatively
small. The situation is reversed for fpr/fph ≥ 5; i.e., the
current increases more rapidly when the guard is off than
when it is on. In this potential range, there is a large differ-
ence seen between the two cases.
[49] Although not shown here, little difference in Iph and Ie
was observed for the two cases; thus, the above result ori-
ginates mainly from the change in the characteristics of Istray.
Figures 9b–9d show plots of the stray currents due to pho-
toelectrons from the stub, guard, and spacecraft body
(including the boom), respectively. The main purpose of
introducing the guard is to minimize the photoelectron cur-
rent from the spacecraft body and boom. Figure 9d shows
that this aim was realized. The guard electrode reduced the
increase rate in the photoelectron current from the spacecraft
body and boom. Particularly, in a practical probe working
potential range around fpr/fph = 1, we confirm the photo-
electron current reduction of greater than 90%.
[50] The photoelectron current from the guard exhibits a
more complex tendency as shown in Figure 9c. The current
Figure 8. Plots of the (a and b) density and (c and d) trajectories of photoelectrons from the spacecraft
and boom. Figures 8a and 8c correspond to the probe operation point fpr/fph = 1.1, while Figures 8b
and 8d to fpr/fph = 11. In the bottom panels, the trajectories of photoelectrons absorbed by the probe
are plotted with background color map showing electric potential distribution. The plot was obtained by
calculating the dynamics of about 104 test particles with various initial energies and ejection angles
(see main text for details). The colors of the trajectory lines indicate the initial kinetic energies Einit of
the photoelectrons (see rightmost color bar).
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is slightly smaller when the guard is off than when it is on up
to fpr/fph = 4; for higher probe potentials, the current for
when the guard is off increases abruptly and exceeds that for
the guard is on. Among these two regimes, the guard effect
seen below fpr/fph = 4 should receive more attention in a
practical sense, although the effect is relatively small. The
result can be explained by considering the relation between
guard and probe potentials. When the guard is off, the guard
potential is equal to the spacecraft potential fsc. As a result,
the probe potential is lower than the guard potential in a
range of fpr < fsc. Meanwhile, when the guard is on, the
probe potential is consistently higher than the guard poten-
tial even for fpr < fsc. Consequently, more photoelectrons
from the guard flow to the probe when the guard is on.
[51] Finally, the photoelectron current from the stub is
enhanced consistently by the guard operation, as Figure 9b
clearly shows. The result is difficult to explain by merely
considering the relation between the stub and probe poten-
tials, because the stub potential, which is higher than the
probe potential when the guard is on, should produce the
opposite to the observed result. To interpret the result, it is
necessary to consider the relation between the stub and
guard potentials. When the guard is on, the potential barrier
generated by the negatively charged guard strongly repels
the photoelectrons and directs them toward the probe, which
enhances the photoelectron current to the probe. This is
confirmed by Figures 6c and 6d.
[52] When the guard is off, this repulsive effect is
greatly weakened or even not observed since the guard
potential is positive. Specifically, the guard potential is
higher than the stub potential for fpr/fph < 5 and thus the
photoelectrons from the stub are rather attracted than
repelled by the guard. For fpr/fph ≥ 5, the guard potential
becomes lower than the stub potential even when the
guard is off, and the photoelectrons start to be repelled by
the guard. This also provides a reasonable interpretation
for the gradual increase in the current above fpr/fph = 5
when the guard is off.
[53] In summary, the guard has the positive effect of
reducing the stray currents from the spacecraft body. On the
other hand, the guard does not reduce and may even enhance
the stray currents from the stub and guard in a practically
used range of the probe potential. This finding was not noted
in previous studies. This effect could be minimized by
employing another approach; for example, by making the
puck dimensions as small as possible to minimize the pho-
toelectron flux. In practice, the puck dimensions are gener-
ally much smaller than those employed in the present
numerical model. Hence, the stray currents from the stub and
the guard are overestimated in the present analysis compared
Figure 9. Comparison of stray photoelectron current magnitudes obtained with and without a photoelec-
tron guard electrode operation. (a) Total current–voltage curve of electric field sensor. Stray photoelectron
currents from (b) stub, (c) guard, and (d) spacecraft body.
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with those in reality. This aspect is discussed in the follow-
ing section.
4. Discussion
4.1. Scaling Analysis of Photoelectron Currents
[54] A major difficulty that is always encountered when
using the self-consistent PIC approach is the modeling of
fine structures of practical sensors. An extreme example is
the radii of boom and sensor wires (typically 0.1–1 mm),
which are too small compared with a spatial scale of the
Debye shielding by photoelectrons. A less extreme example
is the probe radius and puck dimensions, which are of the
order of cm. Nonetheless they lie within the sub-Debye scale
of photoelectrons.
[55] Since it is difficult to overcome this problem in the
self-consistent approach, we are forced to simulate the sen-
sor model, some parts of which are artificially large. This
enlargement leads to overestimation of the absolute magni-
tudes of photoelectrons currents relative to those for practi-
cal sensors. In this section, we attempt to approximately
estimate the degree of the overestimation.
[56] Sensor enlargement mainly affects: 1. the photoelec-
tron-collecting surface area of the probe, 2. the photoemit-
ting surface areas of the puck and boom, and 3. the potential
structure created around the sensor. Of these, the first factor
affects both photoelectron and background plasma collection
by the same factor. Thus, it should have a minor effect on the
relative importance of the stray current with respect to the
other current components.
[57] The second factor greatly affects the magnitudes of
the photoelectron currents from the stub, guard, and boom.
Fortunately, it can be easily estimated by considering scaling
of photoemitting surface areas for the puck and the boom
because the photoelectron fluxes are simply proportional to
the areas. The photoemitting surface area of the puck is
2.5 m2 in the simulation model, whereas is of the order of
103 m2 in practical sensors. Thus, the photoelectron fluxes
from the guard and stub are overestimated by a factor of
approximately 103. The boom radii used in the simulation
and practical sensors are 6.3 cm and 1 mm, respectively.
Consequently, the photoelectron flux from the boom is
overestimated by a factor of 101 in the simulation.
[58] It is more difficult to assess the third factor. The
potential structure around the sensor is complex (as shown in
the previous section) due to there being multiple conducting
elements with various potentials. The influence of such a
potential structure on photoelectron orbits is thus very dif-
ficult to estimate analytically. We thus need to perform
additional numerical evaluations.
[59] To mimic potential structures produced by smaller
sensor dimensions, we introduce a quasi-analytical model
and make some assumptions in the simulations. The funda-
mental assumption is that the electric potentials near the thin
wire elements and the puck follow simple analytical solu-
tions for the potentials generated by cylindrical and spherical
conductors in vacuum, respectively. Then, in the simula-
tions, we fixed the potentials of grid points adjacent to the
center of the conducting elements to the analytical values.
Although this assumption completely excludes Debye
shielding effects due to surrounding plasma and photoelec-
trons, this should cause only minor errors provided the
adjacent grid points are located sufficiently within the Debye
sphere centered on the conducting elements. Another source
of error is that we neglect the presence of multiple con-
ductors in the analytical solutions. Since this may result in
larger errors than the previous one, we limit the use of the
present numerical evaluation for approximate estimations.
[60] We performed three simulations to imitate potential
structures with reduced effective radii for the sensor and
boom wires and the puck by factors of 1/2, 1/4, and 1/8 from
the original model, respectively. We chose a probe-working
point of fpr/fph 11 for the simulations. Moreover, to focus
on the impact of the potential structure, we kept the photo-
emitting and plasma-collecting surface areas the same as the
original model. Figure 10 shows the variation in the stray
photoelectron currents obtained by the simulations. Since we
found the currents depend almost linearly on the reduced
radii, we fitted the plots using the linear least squares
method. (Note that the linear fitted plots appear as curves in
the figure because the horizontal axis has a logarithmic
scale).
[61] The results clearly show that the change in the
potential structure caused by the reduced effective radii
increases the photoelectron currents from the guard and the
spacecraft body. In contrast, this change reduces the photo-
electron current from the stub. This trend is consistent with
that observed when we disable the guard, as discussed in the
previous section.
[62] We estimated the stray currents for practical sensor
dimensions by extrapolating the results. Practical sensors
Figure 10. Dependence of the stray photoelectron currents
on variation of the potential structure associated with varia-
tions in the dimensions of the sensor and boom wires, stub,
and guard. The horizontal axis represents the factor of effec-
tive radii of the sensor and boom wires, stub, and guard,
(unity corresponds to the radii of the original model). The
red, blue, and black circles represent the results for the pho-
toelectron currents from the stub, guard, and spacecraft
obtained by simulations that mimicked the reduced effective
radii of the sensor and boom wires and the puck (see main
text). The solid lines are depicted by fitting based on the lin-
ear least squares method (they appear as curves because the
horizontal axis has a logarithmic scale).
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have a wire radius and puck dimensions of 1 mm and a
few cm, respectively. These dimensions correspond to a
scaling factor of 1.6  102 in Figure 10. The photoelec-
tron current magnitudes from the stub, guard, and spacecraft
body should be 0.43, 1.5, and 2.1 times the original magni-
tudes, respectively. In addition to the influence of the
potential structure, we also considered the photoemitting
surface areas of the puck and the boom in a practical sensor,
which has been already discussed earlier. As a final result,
the magnitudes of the stray photoelectron currents from the
stub and the guard are of the order 104 Iph0, whereas that
from the spacecraft body is of the order 101 Iph0.
[63] This scaling analysis based on the dimensions of a
practical sensor suggests that the photoelectron current from
the spacecraft body is most important, while the photoelec-
tron currents from the stub and the guard are secondary
factors. This result essentially validates the accepted design
of the photoelectron guard electrode, the primary purpose of
which is to repel photoelectrons from the spacecraft body.
[64] On the other hand, this situation will change in some
specific environments such as extremely tenuous plasmas. In
such an environment, a large positive spacecraft potential of a
few tens of V will strongly attract photoelectrons from the
spacecraft and thus the absolute magnitude of the stray pho-
toelectron current from the spacecraft body will be lower than
in other environments. In such a situation, photoelectrons
from the puck will be more significant than in other envir-
onments. The characteristics of photoelectrons from the stub
and the guard determined in this study will be helpful for such
potential problems caused by photoelectrons from the puck.
4.2. Verification of Excluding Static Magnetic Field
[65] Although the presence of the static magnetic field is a
potential factor affecting the photoelectron trajectories, we
assume that its practical impact is small in the plasma envi-
ronment in consideration. In order to verify this assumption,
we have performed additional simulations including the
magnetic field of 50 nT aligned with x-, y-, or z-axes. Con-
sequently, the magnitudes of the photoelectron currents are
changed only by a factor of 0.1% of Iph0 at maximum by the
magnetic field inclusion. The orientation of the magnetic
field also has no practical influence on the current magni-
tude. The observed difference of 103 Iph0 is a rather minor
factor and is negligible in the present study. Because typical
magnetic field strength is comparable to or even smaller than
50 nT in outer magnetospheric environments, we conclude
that excluding a magnetic field in the present analysis is a
sound assumption.
[66] The above result is understandable by considering the
spatial scale of the sensor relative to a typical photoelectron
gyroradius (i.e., 70 m). When a photoelectron traveling
distance is smaller than its gyroradius, the photoelectron
should behave as if it were not magnetized. Note that this
regime is also valid even for the Cluster instrument located
in outer magnetospheric environments, because the distance
42.5 m between the spacecraft surface and the probe is
usually smaller than the typical photoelectron gyroradius.
[67] Although the magnetic field is negligible in the
present situation, the magnetic field effects on the photo-
electron trajectories are of general interest. We thus have
performed additional simulations having the magnetic field
of 500 nT. In this case, the magnitude of a photoelectron
current coming from the spacecraft is considerably altered
by the magnetic field inclusion. More specifically, the pho-
toelectron current shows a minimum value when the mag-
netic field is applied perpendicularly to the sensor direction.
For photoelectron currents from the stub and guard, such an
appreciable modulation due to the magnetic field is not
observed. This is due to the short traveling distance of the
photoelectrons, which is sufficiently shorter than the pho-
toelectron gyroradius. The additional simulations suggest
that the magnetic field effects should receive special atten-
tion in the inner magnetospheric environments. Such a
domain is out of the scope of the present study and should be
examined in the future work.
5. Conclusions
[68] In tenuous space plasma environments, large photo-
electron currents from the conducting surfaces of a space-
craft modify the electrical properties of double-probe electric
field sensors. We performed full-particle simulations to
analyze the current–voltage characteristics of an electric
field sensor surrounded by a dense photoelectron cloud. The
numerical model used in this study is based on the recent
sensor designed for the BepiColombo/MMO mission. We
employ a plasma particle model that allows full information
to be obtained about photoelectron currents by tracing the
orbits of particles.
[69] Our numerical study reveals that the sensor current–
voltage characteristics are substantially affected by the stray
photoelectron currents flowing between the probe and other
conducting elements such as the stub, the guard, and the
spacecraft body, whenever the sensor probe has a positive
potential. One of the most significant knowledge obtained in
the present analysis is that the stray photoelectron currents
increases with increasing probe potential regardless of their
origins in a probe potential range near the plasma potential,
which is normally used in electric field measurements. This
result suggests that not only the spacecraft-originating photo-
electron current but also the puck-originating photoelectron
current can be reduced by selecting the probe working poten-
tial as close as possible to the plasma potential. The present
simulations also reveal the photoelectron current behavior at
higher probe potentials. The stray photoelectron currents from
the guard and the spacecraft body increase monotonically even
in this potential range. Meanwhile, the magnitude of the stray
current from the stub saturates at a probe potential close to the
spacecraft potential. In contrast with these unknown outcomes,
the behavior of the background plasma current agrees well
with the conventional theory.
[70] Due to the presence of the photoelectron guard
electrode, only a small fraction of the photoelectrons from
the spacecraft and the boom approach the probe. The
minimum photoelectron energy required to approach the
probe decreases with increasing probe potential. This
dependence can be well described by photoelectron orbital
analysis; the photoelectrons are deflected by the guard
potential but are subsequently attracted by the potential
well created by the probe. Also, this potential well acts
more directly on the photoelectrons emitted by the stub and
guard adjacent to the probe. In particular, photoelectrons
from the stub generate a very clear flow toward the probe
due to photoelectron repulsion by the guard potential.
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[71] A major limitation of the numerical model is that it
does not employ realistic sensor dimensions; rather it uses
artificially large dimensions to enable simulations to be per-
formed with limited computational resources. An approxi-
mate scaling evaluation strongly suggests that the dominant
component of the stray photoelectron current is that coming
from the spacecraft body. Note that the ratio of the stray
current to the total emission is smallest for photoelectrons
from the spacecraft body. Nevertheless, the stray current
from the spacecraft is most important because the photo-
emitting surface area of the spacecraft body is considerably
greater than those of the other elements.
[72] We also confirmed that the photoelectron guard
electrode has a positive effect in that it suppresses the
magnitudes of the stray photoelectron current from the
spacecraft body. This is a well-known effect of the guard
electrode. The present study also revealed that the guard
electrode operation enhanced the stray photoelectron cur-
rents from the stub and guard, which has not been noted in
previous studies. This anomalous behavior should have a
minor effect on the sensor properties, except for in extremely
tenuous plasma environments. In extremely tenuous plas-
mas, confinement of photoelectrons from the spacecraft by
the high spacecraft potential enhances the relative impor-
tance of photoelectrons from the stub and guard. In such a
case, the side effect of the guard operation will require more
attention.
[73] This paper did not examine the dependence of the
stray current on the sunlight incident angle, which is
important for probes in spin planes. The magnitudes of the
photoelectron currents from the guard and spacecraft are
expected to be affected by this angle because the photo-
electron orbits are an essential factor in determining the
current magnitudes. The magnitude of the photoelectron
current from the stub should be less sensitive to the sunlight
incident angle because the photoelectrons will be highly
confined near the stub and the probe, irrespective of the
photoelectron ejection direction. Further analysis may pro-
vide more insight into this.
[74] A remaining topic for investigation is the effect of the
boom length on the photoelectron current. In particular,
spin-axial electric field sensors should be shorter than the
present model for mechanical reasons. The enhanced influ-
ence of photoelectrons from the spacecraft on the sensor
should be evaluated in future studies.
[75] In conclusion, we have studied the photoelectron
current around an electric field sensor by subdividing the
current components based on their origin. This approach
reveals a complex mechanism of electric coupling between
the sensor probe and the other conducting elements in
association with electric potential structures around the
spacecraft. We consider that the information obtained will be
helpful for optimizing the designs of photoelectron guard
electrodes and electric field sensors.
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